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We report spectroscopy experiments of rubidium vapor in a high magnetic field under conditions
of electromagnetically induced transparency (EIT) and optical pumping. The 1.1 T static magnetic
field decouples nuclear and electronic spins and shifts each magnetic state via the Zeeman effect,
allowing us to resolve individual optical transitions of the D2 line in a Doppler-broadened medium.
By varying the control laser power driving one leg of a spectrally isolated lambda system we tune the
vapor from the EIT regime to conditions of Autler-Townes line splitting (ATS). The resulting spec-
tra conform to simple three-level models demonstrating the effective simplification of the energetic
structure. Further, we quantify the viability of state preparation via optical pumping on nuclear
spin-forbidden transitions. We conclude that the “cleanliness” of this system greatly enhances the
capabilities of quantum control in hot vapor, offering advantages in a broad variety of quantum ap-
plications plagued by spurious light-matter interaction processes, such as atomic quantum memories

for light.

I. INTRODUCTION

Since the advent of laser cooling, experiments in AMO
physics have benefited from an unprecedented degree of
control over matter [IJ. With natural linewidth lim-
ited atomic transitions and comparably narrow lasers,
it is easily possible to lift energetic degeneracies in small
fields and exert precise control over quantum states when
atoms are cold. Generally speaking, the property that
enables this is resolution of individual transitions, i.e.
the energetic splitting between next nearest transitions
is significantly greater than the transitions’ linewidths.
In hot vapor, on the other hand, atomic lines are in-
homogenously broadened by atomic motion, and com-
monly further subject to collisional broadening [2]. At
room temperature, spectra in vapor cells typically have
convolutional linewidths of at least 500 MHz [3]. This
prevents cold-atom-level control over matter, as even the
hyperfine structure of atomic excited states is often lost
to line broadening [4]. On some alkali lines, polariza-
tion selection rules can yield desirable restrictions on
possible light-matter interactions in hot vapor [5], but
at the same time restrict the feasible operating regimes
of applications such as atomic single-photon sources [6]
or quantum memories [7]. By applying sufficiently high
magnetic fields, however, another approach presents it-
self. The Zeeman effect lifts energetic degeneracy, and
through further decoupling of the atom’s nuclear spin
states individual transitions once again become well re-
solved. This hyperfine Paschen-Back (HPB) regime is
therefore a promising arena for atomic physics in hot va-
por, as a significant hurdle to direct optical manipulation
of atomic quantum states is removed.

Electromagnetically induced transparency (EIT) [§]
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and the related but distinct [9}[I0] phenomenon of Autler-
Townes splitting (ATS) [II] have been extensively stud-
ied in low and zero fields. These effects have wide ranging
practical uses, for instance in precision metrology [12],
quantum memories [I3], and tailored photon generation
[14]. Moreover, multi-level atomic structure can produce
efficient non-linear effects [I5]. In high magnetic fields,
EIT has been investigated in ladder-schemes [16], includ-
ing Rydberg based ones [17}[18], and V-scheme configura-
tions [19], as well as in a diamond-scheme in the context
of four-wave mixing [20]. Furthermore, studies of EIT
in a lambda-scheme at intermediate fields (up to 170 mT
for 8Rb) have been reported on in [2I]. Moreover, a
detailed investigation of optically pumping Cs vapor in
tesla-order magnetic fields, including the effect of forbid-
den transitions, was performed by Olsen et al. in [22].
Nevertheless, a thorough study of lambda-EIT/ATS in
a hot, high optical depth ensemble deeply in the HPB
regime is a critical prerequisite for putting this system to
use in applications such as quantum memories, and has
so far been outstanding.

In this article we study hot 8”Rb vapor in a tesla-order
magnetic field, with the purpose to isolate a three-level
system in the atomic energy structure of either D line.
We investigate EIT and atomic polarizability on the Do
line at 780 nm in this regime, characterizing the suitabil-
ity of this system for quantum technological applications
beyond sensing. In a concurrent article [23], we put our
conclusions to the test with a quantum memory experi-
ment in a microfabricated atomic vapor cell.

II. HYPERFINE PASCHEN-BACK REGIME

We consider the D lines of alkali atoms, which are fre-
quently used to study light-matter interactions. Both
the ground as well as the excited states present a hy-
perfine structure, which is usually only partially resolved
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in simple absorption spectra, and the multiple magnetic
sublevels are generally unresolved. Here we mainly focus
on the 8"Rb D, line.

The Hamiltonian for an alkali atom in an external
static magnetic field is given by

ﬁ=H0+ﬁhfs+Hz. (1)

The first term H, describes the coarse atomic structure,
Hyes = Ahfsi J+ H, describes the hyperfine coupling,
with the magnetic dipole constant Ay and the electric
quadrupole Hamiltonian Hgp,, which is non-zero for the
52P3/2 term. The last term of Eq. ,

Hyz = pp (ng + gli) B,

describes the Zeeman interaction of the atom with a mag-
netic field. In this equation ¢g; and g; are the g-factors
for the total angular momentum of the electron and the
nucleus, respectively.

By applying an external magnetic field the degeneracy
of the hyperfine states can be lifted through the energy
shift induced by the Zeeman effect. This splitting be-
comes larger as a function of the strength of the mag-
netic field B. For high magnetic fields, where the energy
shift induced by the Zeeman interaction AFEy becomes
larger than the one caused by the hyperfine interaction
AFEygs, we enter the HPB regime. Generally speaking,
the condition

B> By = Aji/1up (2)

delineates between regimes [24]. Here the ground-state
hyperfine magnetic dipole constant ASS is used in the
condition as the ground states experience a larger hy-
perfine splitting compared to the excited states, ensuring
that all atomic levels are in the HPB regime.

For atomic states with low principal quantum num-
ber n, the Hamiltonian describing the interaction of the
atoms with an external magnetic field can thus be re-
duced to H if condition is fulfilled. In this limit
the splitting between hyperfine levels grows linearly with
AEyz = (gymy+grmy)upB, and a change of 1T in-
duces a frequency shift of £14 GHz of the ground state
sublevels.

In the HPB regime the nuclear spin I and the total
angular momentum of the electron J decouple. Conse-
quently, the eigenvalue F' of the total angular momentum
F = J + 1 of the atom and its projection m g do not rep-
resent a good choice of quantum numbers to describe the
system anymore. A convenient representation is in the
|m g, mr) basis. For every value of mj there are 2I + 1
my-sublevels (see Fig. . Every state of the coupled ba-
sis can be represented as a linear combination of states
in the uncoupled basis as

|Fymp) =Y Cme . my,mp).
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FIG. 1. Energy levels of 3’Rb in the HPB regime represented
in the |my, mr) basis. The light gray lines indicate the cou-
pling between sublevels due to the hyperfine structure. The
allowed transitions for one m; manifold per D line are shown
as solid lines. The ‘singly forbidden’ transitions arising from
the residual coupling of the ground states are represented as
dashed lines. The transitions coupling to the ground states
involved in the superpositions with mr = —1 and mpr = 1 in
the weak field scenario are visualized for the D; and the D»
line, respectively. The energy splittings are not to scale.

At zero field, the constants Cj;F, =~ are the Clebsh-
Gordan coefficients. With increasing magnetic field one
of the coefficients in the sum tends to unity while the
others tend to zero. The states involved in each super-
position are connected by gray lines in Fig. [T}

In Fig. the energy levels of the 8"Rb 5281/2, 52P1/2,
and 52P; /2 states in the HPB regime are depicted with
selected transitions. In this representation the allowed
optical transitions are all vertical with Amj; = 0,+1
corresponding to 7 or oF polarized light, respectively.
To a first approximation, the decoupling of J and I im-
plies that optical transitions are only allowed between
states within the same mj-manifold, as the light does
not couple to the nuclear spin. Together with the in-
duced energy splittings, which are much larger than the
Doppler-broadened linewidth of the vapor, a clean three-
level system can be addressed.

Note that, even restricting the discussion to ground
states, the required order of magnitude of magnetic field
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FIG. 2.  Computed spectrum of the 3’Rb D line in a 1.06 T external magnetic field. The spectrum is simulated for a

2mm thick cell, with 90 % enriched 8"Rb, 11 mbar of Ar buffer gas and an atomic temperature of 97°C. The dipole-allowed
transitions appear as quadruplets, while the singly forbidden transitions form manifolds of three. The insets in the upper half
of the figure show the sublevels involved in the corresponding transition manifold. The insets are roughly arranged according
to the transition frequency and OD. Solid and dashed lines illustrate allowed and singly forbidden transitions, respectively. The
polarization of the transitions is color coded according to the legend.

strength for the Zeeman interaction to dominate varies
widely. As an extreme example, consider that for the
“Li D lines even the fine Paschen-Back regime, where
the Zeeman interaction triumphs over the atomic fine
structure, can be investigated with fields < 1T [25]. In
contrast, to realize such conditions in Rb, a magnetic
field of 218 T would be required [26].

For any finite magnetic field, the states actually re-
main a superposition. Even at an applied field of 1T,
some residual coupling between J and I persists in the
52S, s2 ground state (see, for instance, Ref. [27] for a
precise quantification of the basis state superpositions).
Indirect interaction of light with the nucleus through this
residual J-I coupling allows transitions with Am; # 0 to
take place. We will refer to transitions with |Am;| =
1 as ‘singly forbidden’. They appear in manifolds of
three in the spectrum and have a transition strength
about 50-times weaker than the allowed transitions (7-
polarization) at 1T field strength. Following conserva-
tion of total angular momentum these transitions obey
the relations Am; + Amy = 0,+1 for = and o* polar-

ized light, respectively. A complete representation of all
allowed and singly forbidden transitions for the 8"Rb Dy
line can be found in the upper half of Fig. [2|

Figure[2]shows the computed spectrum of the Dy tran-
sitions for a vapor cell with similar properties to the
cell we used for the measurements presented below. The
spectrum is computed analogously to how it is described
in [28] 29]. The energy-level insets above the spectrum
show the states involved in the corresponding line mani-
fold, and are roughly ordered by transition frequency and
strength.

III. EXPERIMENTAL APPARATUS

A Bruker B-E 10 electromagnet is used to generate
the static, tesla-order magnetic field perpendicularly to
the propagation axis of the light. In this geometry lin-
early horizontally (vertically) polarized light in the lab-
oratory frame corresponds to 7 (an equal superposition
of 0% and ¢7) polarization. A microfabricated vapor
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(a) Front and (b) top view of the vapor cell used

FIG. 3.
in the experiments. The cell is sandwiched by two 2mm-
thick pieces of RGY filter glass. (c¢) The ferromagnetic cores
of the electromagnet constrain the optical and spatial access
around the cell. (d) Schematic of the experimental spectro-
scopic setup. DFB, distributed feedback (laser); 90:10, beam
sampler with the specified splitting ratio; WM, wavelength-
meter; PBS, polarizing beam-splitter; ND, neutral density
(filter); TA, tapered amplifier; A/2, half-wave plate; \/4,
quarter-wave plate; BP, bandpass (filter); PD, photo diode.
The labels P and C indicate the optical fiber connections for
probe and control beams, respectively.

cell with 2mm internal thickness and a 5mm diameter
aperture is used for the experiments, see Fig. (a). The
fabrication of this type of cells is described in [30] B1].
The cell is filled with < 90% isotopically enriched 87Rb
and about 11 mbar of Ar buffer gas. To heat the cell we
rely on infrared lasers and absorptive colored filter glass
(Schott RG9), which is highly transmissive at the Rb D-
line wavelengths. The vapor cell is sandwiched between
two 2mm thick pieces of this filter glass, as shown in
Fig. b). Each side is illuminated by a low-cost, multi-
mode, telecom laser (Seminex 4PN-108). With this tech-
nique the atoms can be heated to temperatures > 130 °C.
The atomic temperature is determined spectroscopically.
This heating technique has previously been successfully
implemented in vapor based magnetometers, where its ef-
ficiency was optimized to allow for low-power operation
[32]. In our setup no effort was made so far to render the
heating more efficient, and on the order of 1 W of optical
power is required to reach operational temperatures.

The spectroscopic setup used for the measurements
presented below is shown in Fig. d). Widely tunable
lasers (ECDL and DFB) on either D line are used as
weak probes. The control light is generated by a DFB
laser that is amplified with a tapered amplifier (TA). The
resulting optical power gives us the option to explore a

large range of Rabi frequencies. A neutral density gra-
dient wheel is used to vary the control power. The con-
trol beam is focused to a 1/e?-diameter of approximately
550 um in the center of the cell.

Probe and control beams are combined on a polarizing
calcite prism before the vapor cell. The overlap of the
beams is ensured by coupling each of them into the same
(auxiliary) single-mode fiber and regularly optimizing the
alignment. A second calcite prism is used to discriminate
the strong control beam from the probe by polarization.
At least eight orders of magnitude of suppression can be
achieved this way. Finally, the probe is detected by a
photo diode, equipped with a bandpass filter to remove
ambient light.

For state preparation a further DFB laser is dedi-
cated to optical pumping. It is aligned to be counter-
propagating with respect to the control beam and is cou-
pled in through a Faraday circulator.

The frequencies of the various lasers are referenced
with a wavelength meter (HighFinesse WS-7) through
auxiliary fiber ports. Furthermore, a portion of the
probe light is branched off directly after the laser for a
Doppler-free saturation spectroscopy to yield an absolute
frequency reference.

IV. ABSORPTION SPECTROSCOPY

A simple spectroscopic measurement of the Rb vapor
in an external field of 1.06 T already reveals that sin-
gle transitions can be resolved in the Doppler broadened
medium. The large energy splitting as well as the de-
coupling of I and J allow us to distinguish the hyperfine
structure, even of the Dy excited state, without needing
to cancel the Doppler effect as in saturated absorption
spectroscopy. The recorded Rb D line spectra are shown
in Fig. 4l Panel (a) depicts the spectrum of the 8"Rb Dy
line. The blue trace shows the m-transitions, which are
probed with a horizontally polarized laser. The ot and
o~ transitions, represented in red, are all driven by ver-
tically polarized light. The asymmetries and incomplete
transmission between the lines constituting one manifold
are mostly due to residual ®*Rb from imperfect isotopic
enrichment. In all cases the strongest singly forbidden
transitions can be recognized. The full spectrum is man-
ually stitched together from three separate measurements
per polarization. In fact, the shown frequency range is
larger than the tuning range achieved by a current scan
of the DFB laser, and its operating temperature had to
be changed to cover the whole range. Horizontally and
vertically polarized probes are recorded separately. A
Doppler-free saturation spectroscopy in a reference cell
outside of the magnetic field serves as absolute frequency
reference. This zero field spectrum covers a relatively
small frequency range compared to the HPB spectra,
making the frequency calibration most reliable near zero
detuning. In order to account for frequency-dependent
power variation, the transmission through the unheated
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FIG. 4. Measured spectra of the 8’Rb (a) D2 and (b) D;

line. The blue (red) traces show the spectrum for horizon-
tally (vertically) linearly polarized light in the lab frame cor-
responding to 7 (¢t and o7) transitions. Even though the
atomic ensemble is Doppler-broadened, in the HPB regime
the single transitions can be individually resolved. For both
lines the strongest singly forbidden transitions, marked with
arrows, can be recognized in the spectra. The arrows’ colors
correspond to the trace of interest. In order to give a com-
mon sense of scale, the spectrum of a reference cell filled with
natural Rb, outside of the magnetic field, is added as black
trace (amplitude arbitrarily scaled). Note the difference in
horizontal ranges between panels.

vapor cell is recorded as well.

In panel (b) of Fig. EI the spectrum of the 3"Rb D,
line is shown for the same conditions. Here a commercial
795nm DFB laser serves as probe. It too is brought to
the optical setup through the probe’s fiber coupler (label
P in Fig. [§(d)). Due to the reduced number of possi-
ble m s-values, only four allowed transitions each for o+
and o~ are present in the spectrum. Also note that the
frequency splitting between the two w-polarized quadru-
plets is larger compared to the Do line. This fact is due
to the smaller Landé g-factor of the 52P; /2 term, which
results in a smaller energy splitting of the excited states.
As the Dy line covers a narrower frequency range than
the Ds line, it is possible to record the entire spectrum
with a single scan per polarization.

V. FROM EIT TO ATS

We studied EIT in order to assess how well a three-
level system can be isolated in the HPB regime within
the more complex Rb Dy level scheme. Transparency

is induced in the ensemble by adding the control beam.
The lambda scheme we used for this purpose is illustrated
in Fig. a). We choose the probe to be mw-polarized

and near resonance with the |m; =3 m;=3) «
Im/; = §,m} = 3) transition. The control ‘leg’ of the

lambda is consequently chosen to be the ot transition
imy=—%mr=3) « |m/, =1 m)=3). Figure c)
shows the spectrum resulting from a scan of the probe
frequency around the eight allowed w-polarized transi-
tions while the control frequency is kept fixed. A deep
EIT feature is generated in the first absorption peak. No-
tably, high transparency is induced in the atomic vapor,
almost reaching the transmission level through the en-
semble far from resonance, and indeed it becomes un-
ambiguously complete at higher control powers. Even in
cold atoms complete transparency is only achievable in
certain level-schemes [33], in particular only in lambda-
schemes. In hot vapor a “clean” three-level system where
the degree of control is high enough to optically address
individual transitions is required to avoid masking EIT
windows [34]. Furthermore, note that the ground state
addressed by the control field is efficiently depleted by op-
tical pumping, resulting in a “missing” 7 transition and
in an increase in the absorption for the transition from
the populated ground state.

The width of the induced transparency window, as
well as the underlying physical process, varies as a func-
tion of the applied control power. At low control pow-
ers destructive interference between absorption path-
ways induces the transparency. In this EIT regime,
the FWHM of the transparency window is given by
(SUJEIT = |Qc|2/(21“\/ QOD) [‘S’I

For high control powers, on the other hand, the trans-
parency is caused by dressing of the states in the strong
coupling regime. Transparency manifests as a gap be-
tween two separated absorption lines. In this ATS sce-
nario, the width of the transparency is directly propor-
tional to the control Rabi frequency.

Figure @(a) shows the absorption profile of the atoms
as a function of the probe detuning from the D5 line cen-
ter for different control powers. The absorption profile
transitions smoothly from the EIT regime to ATS, as
expected for a textbook three-level system. Indeed, an
initially narrow transparency window evolves into two
distinct and well separated peaks with increasing control
power, and at the maximal power of 496(15) mW, a split-
ting of approximately 1 GHz is reached. The consistent
absence of the eighth spectral line illustrates that the
control field depletes the ground state it addresses even
at low powers (cf. Fig.[5|c)). Furthermore, with increas-
ing power, the control field starts pumping the adjacent
ground-state levels of the m; = f% manifold as well.
Well into the AT regime, the splitting, defined as the dif-
ference between the two absorption maxima, equals the
Rabi frequency Q.. As Q. « VP, the dashed lines in
the figure fit the measured splitting with a square root
function.

By varying the control frequency we can investi-
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FIG. 5. (a) Energy scheme of the total electron angular mo-
mentum levels of the m; = %—manifold. The lambda scheme
used for the investigation of EIT and ATS in the HPB regime
is shown. The detuning of the probe and control field are
labeled A, and A, respectively. (b) Level scheme showing
the scheme applied to polarize the nuclear spin of the ensem-
ble. The transitions driven by the pump lasers are drawn
as straight lines, differentiating between allowed (solid) and
singly forbidden (dashed) transitions. The radiative decay
channels are depicted by undulated lines. (c) Spectrum of the
eight allowed m-polarized transitions while the control beam is
turned on with a CW power of 4.5 mW. EIT can be observed
in the first peak, while the eighth peak from the absorption
spectra above is not present since the control depletes the
ground state it addresses. The lower (higher) frequency man-
ifold corresponds to the transitions involving the m; = %
(—3) ground states, while the labels on top indicate the m;
values of the ground states involved in the respective tran-
sitions. These data correspond to the lowest control power
setting in Fig. [6[a).

gate distinct three-level systems and individually ad-
dress them. We scan the detuning of the control
field with respect to the ot transition coupling to the
Imy = —%,m; = 3) ground state over several GHz. Ex-
perimental parameters are kept as in the previous mea-
surement, with 485 mW (near maximum) control power.
The data presented in Fig. @(b) show avoided crossings,

the typical signature of dressed states [I1].

For zero control detuning the minimal splitting is
achieved and the scenario from Fig. @(a) is reproduced,
while at larger detunings the splitting increases. In the
asymptotic limit, the doublet is composed of a large peak
at the bare transition frequency, and a smaller peak ap-
proximately moving along a line of unity slope in the
control frequency. The amplitude of this second peak de-
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FIG. 6.  (a) Measured probe absorption as a function of
probe detuning for different control powers showing the tran-
sition from EIT to the AT regime. The maximum splitting
has a width of approximately 1 GHz. The dashed lines rep-
resent a square root fit of the induced transparency width.
(b) Measurement of the probe absorption as a function of the
probe detuning for different control detunings. The struc-
ture of three avoided crossings, typical signature for strong
coupling, can be recognized, while the tail of a fourth anti-
crossing can be seen. The dashed lines represent the hyper-
bolas expected for a three level system. The control detuning
is defined with respect to the o™ transition coupling to the
my = —%,mz = %) ground state. In both plots the horizon-
tal lines represent the sampled control powers/detunings.

creases with detuning. Within the plotted control detun-
ing range, the control field becomes resonant with three
out of four o transitions coupling to m; = —% levels,
closing lambda-systems with the probe as it is scanned.
Thus, three avoided crossings and the asymptotic tail of
a fourth one can be identified in Fig. [6[b). If the control
frequency were red detuned further, the same behavior
would be expected for the probe transitions coupling to
the mjy = —%—manifold.

Each avoided crossing is modeled as an ideal three-

level system by the two branches of a hyperbola given by
Ay =1 (Ac + A2+ Qg), represented as dashed lines

in Fig. |§|(b) This simple model is in good agreement with
the data, illustrating that the various lambda-schemes
addressed by the lasers can be treated as separate three-
level systems. When both the control and probe fields
are tuned to the bare transition frequencies the mini-
mum splitting, corresponding to (2., is achieved. In the
model we set 2. = 27 x 950 MHz. Along the horizon-



tal axis, which is calibrated with Doppler-free saturation
spectroscopy, the hyperbolas are centered around the cor-
responding, unperturbed probe frequency. The vertical
offset is chosen by maximizing the overlap of the data
and the model. The model diverges from the data at
low frequencies, most likely due to a nonlinear frequency
scan of the laser. In fact, all available absolute frequency
calibration points are close to the central region of the
probe frequency scan, deteriorating the reliability of the
horizontal axis at the edges of the scan range.

VI. NUCLEAR SPIN PUMPING

In the HPB regime the decoupling of J and I divides
the atoms into 21 + 1 separate manifolds, which are well
isolated from each other. Furthermore, the induced en-
ergy shifts, mainly of the ground states, result in distinct
transition frequencies for the equivalent optical transi-
tions within different manifolds. The frequency of an in-
coming radiation field can thus be tuned to be resonant
with and therefore address atoms within a single nuclear
spin manifold.

Although a magnetic field above 1T puts the atomic
ensemble well into the HPB regime by Eq. , some cou-
pling of the ground state sublevels persists at such fields,
with superposition probability amplitudes on the order
of a few percent (see [27]). Under our conditions it is
therefore possible to exploit singly forbidden transitions
to partially polarize the nuclear spin of the atoms. In the
dark, all ground states in atomic vapors are equally pop-
ulated due to their thermal population distribution. In
addition to standard optical pumping on dipole-allowed
transitions within a nuclear spin manifold, atoms can
be transferred between them by driving these forbidden
transitions. Thus produced population imbalances in-
crease the OD of a selected manifold for a fixed atomic
temperature. This is advantageous for processes like co-
herent absorption, which rely on optical depth for effi-
ciency but are disturbed by collisions [35]. With increas-
ing field strength, the viability of this approach dimin-
ishes; however, fuller decoupling also ensures that, for
whatever interaction is under study, atoms in “wrong”
my manifolds effectively act as a mere background gas,
which naturally mitigates the need for highly polarized
ensembles with regards to the suppression of spurious
optical processes.

DFB diodes, available at the Rb wavelength, and dig-
ital controllers for butterfly laser diodes constitute af-
fordable and ready-to-use/plug-and-play devices, that al-
low for an easy state preparation with dedicated pump
lasers for each different pump transition. Using dedicated
pump lasers avoids involuntarily creating coherences be-
tween the optical fields, which could inadvertently pre-
pare the atoms in dark states [36].

For a proof-of-principle test of a combined pumping
scheme, as shown in Fig. b), three pump lasers were
utilized. The primary pump drives the same transi-
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FIG. 7. Experimental implementation of the (partial) pump-
ing scheme involving allowed as well as ‘singly forbidden’ tran-
sitions. The measurements were performed at an approximate
applied magnetic field of 1.06 T. In all three panels the spec-
trum of the unpumped atoms is shown in blue as a refer-
ence. The background of the reference spectrum is modeled
as second-order polynomial used to correct all shown traces.
(a) The effect of each individual pump laser on the atoms is
shown: o polarized m; = 3-pump (red), or o~ polarized for-
bidden pump (green), or ot polarized m; = %—pump (black).
(b) The effect of two lasers combined is shown. The effect of
the forbidden pump and the mr = %—pump are depicted in
red. The green trace shows the spectrum obtained by using
the m; = %—pump and the forbidden pump. Turning on both
allowed pumps (m; = % and m; = %) results in the black
trace. (c) All three pump lasers are used (red), as depicted in
the level-scheme in Fig[5|b).

tion as the control in the previous sections (depleting
the |m; = —1,m; = 2) state with o polarized light).
A further DFB laser addresses the singly forbidden
o~ transition coupling the states [m; = 3,m; = 1)
im/; = =2, m), = 3) (corresponding to the leftmost tran-
sition in Fig. [2)). This forbidden pump transfers atomic
population from m; = 1 to m; = 2. Finally, a third
pump laser drives the allowed o transition coupling the
states [my = —3,m; =1) & |m/; =, m} = 3), which
repopulates the state addressed by the forbidden pump.
The two additional pump lasers are aligned under a small
angle with respect to the counter-propagating primary
pump by using D-shaped mirrors (not shown in the setup
sketch). All three pump lasers were operated at an opti-
cal power of 20 mW, limited by the damage thresholds of
the fiber-based, fast optical switches intended for future

experiments.



Figure [7] shows the spectrum of the probe, which is
scanned over all allowed 7 transitions, in different pump-
ing conditions. An unpumped spectrum (blue) of the
probe is added to each panel for comparison. In order to
correct for frequency dependent changes of the emitted
probe power, the background of the unpumped spectrum
is fitted with a second-order polynomial and used to cor-
rect all traces shown in the figure.

In panel (a) the spectra for the scenarios in which only
one pump laser is on are shown. The ground state ad-
dressed by the corresponding pumper is depleted, result-
ing in uniformly high transmission over the full line width
of the respective transitions. The combined effect of each
possible pair of pumping lasers applied together is plot-
ted in panel (b), see caption for details. Finally, panel
(c) shows the spectrum obtained when all three pump
lasers are on. In this scenario, as expected, we observe

the strongest absorption for the |m; =1 m;=2) «

Im/; = £, m/, = 3) 7-transition, indicating that the pro-
duced OD is higher than what is possible by solely pump-
ing within m; = 2 (cf. red trace in Fig. a)). For a hint
towards limiting effects, note that in panel (c) the ab-
sorption of the |m; = %7 my = %) state, addressed by the
forbidden pump, appears to be unchanged compared to
the unpumped spectrum. This is also the case in the data
presented in red in panel (b), where the pump lasers only
address atoms with my = % This indicates the presence
of a non-radiative nuclear spin relaxation processes, e.g.
wall collisions, which compete with nuclear spin pump-

ing.

From the measured spectra it appears that the

lmy=—% m;=3) ground state is depleted while

|my = %, my = %) shows no significant difference with re-
spect to the reference curve. We thus estimate that the
implemented pumping scheme transfers about 50 % of the
atomic population of m; = % to my = % The presented
pumping scheme can be expanded by pumping each man-
ifold into the respective my; = % state and by using the
forbidden transitions to transfer the atomic population
towards manifolds of higher mj-values. With such an
expansion, under the presented experimental conditions,
and assuming that each manifold can be half depleted, it
should thus be possible to achieve a total atomic polar-

ization of é—g, despite the thorough isolation of the nuclear

states from one another.

VII. SUMMARY AND OUTLOOK

In this article we have investigated EIT and optical
pumping in warm Rb vapor in the HPB regime. We
have demonstrated the isolation of a “clean” three-level
lambda-system in a strong external magnetic field, and
explored the atomic polarizability both within and across
nuclear spin manifolds in these operating conditions.
Furthermore, we studied the phenomena of EIT and AT
line-splitting in this scheme, reproducing spectra match-
ing the textbook ideal in typically far more complicated
hot alkali vapor. Both aspects are of particular interest
for the implementation of a broad class of quantum tech-
nologies in such hot vapors. These include, for instance,
optical ground-state quantum memories, as memory ef-
ficiency is a function of optical depth [37] and an ideal
three-level system suppresses noise processes [35] [38] and
undesirable interference [39] that take place in the pres-
ence of more energy levels. Further, bi-photon generation
schemes in ensembles, such as those based on sponta-
neous four wave mixing, would not only be realizable at
the investigated optical depths (compare e.g. [40] and
references therein), but cover an atypically large range of
frequencies for atomic sources by transition selection and
magnetic field tuning.

In summary our investigation yields positive prospects
for putting hot atomic ensembles deep in the HPB regime
to work in applications that require both well isolated
lambda systems and moderate to high optical depths.
Indeed, in a concurrent article [23], we perform a proof-
of-principle quantum memory experiment in this system
demonstrating low noise for storage at the single-photon
level and an internal efficiency at the theoretical limit.
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